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We have used large pulsed magnetic fields up to 60 Tesla to suppress the contribution of super- 
conducting fluctuations (SCF) to the ab-plane conductivity above Tc in a series of YBa2Cu306+i: 
from the deep pseudogapped state to slight overdoping. Accurate determinations of the SCF contri- 
bution to the conductivity versus temperature and magnetic fleld have been achieved. Their joint 
quantitative analyses with respect to Nernst data allow us to establish that thermal fluctuations fol- 
lowing the Ginzburg-Landau scheme are dominant for nearly optimally doped samples. The deduced 
coherence length ^(T) is in perfect agreement with a gaussian (Aslamazov-Larkin) contribution for 
l.OlTc < T < 1.2Tc. A phase fluctuation contribution might be invoked for the most underdoped 
samples in a T range which increases when controlled disorder is introduced by electron irradiation. 
For all dopings we evidence that the fluctuations are highly damped when increasing T ox H. This 
behaviour does not follow the Ginzburg-Landau approach which should be independent of the mi- 
croscopic speciflcities of the SC state. The data permits us to define a field Hc{T) and a temperature 
T'c above which the SCF are fully suppressed. The analysis of the fiuctuation magnetoconductance 
in the Ginzburg-Landau approach allows us to determine the critical field i/c2(0). The actual values 
of H'ciQ) and Hc2{0) are found quite similar and both increase with hole doping. These depairing 
fields, which are directly connected to the magnitude of the SC gap, do therefore follow the Tc 
variation which is at odds with the sharp decrease of the pseudogap T* with increasing hole doping. 
This is on line with our previous evidence that T* is not the onset of pairing. So the large gap seen 
by spectroscopic experiments in the underdoped regime has to be associated with the pseudogap. 
We finally propose here a three dimensional phase diagram including a disorder axis, which allows 
to explain most peculiar observations done so far on the diverse cuprate families. 



PACS numbers: 74.40.-n, 74.72.-h., 74.25..F-, 74.62. En 

I. INTRODUCTION. 

The occurrence of a pseudogap^ in the phase diagram 
of high- Tc cuprates has raised many questions which are 
still intensely debated. Immediately after its discovery, 
the important issue was to know whether it might be 
connected to superconductivity (SC). The fact that the 
onset temperature T* of the pseudogap has been found 
quite robust with disorder contrary to Tc has been a 
strong indication that the two phenomena are not di- 
rectly related^. 

While this mainly resulted from quasi static NMR mea- 
surements in the 1990's, a large amount of new data using 
energy and/or wave vector resolved spectroscopies have 
followed during the last 10 years. STM experiments re- 
vealed first that the gap structure detected below Tc in 
underdoped samples of Bi2Sr2CaCu208 (Bi2212) did not 
totally disappear above, and transforms into a dip in the 
density of states'^. From ARPES experiments, it was 
found as well that a gap structure is observed in the 
normal state of underdoped samples^. The energy gap 
detected at low T was found to match the Tc variation 
in overdoped samples, i.e. to increase continuously with 
decreasing doping but continues to increase in the pseu- 
dogap state, when Tc decreases^.. So putting all these 



observations in perspective has justified the idea that the 
pseudogap could be a precursor pairing state and not an 
independent crossover or ordering occuring in the normal 
state. 

This preformed pair scenario has been strengthened by 
the observations in the underdoped cuprates of a large 
positive Nernst heat transport coefficient well above Tc 
up to an onset temperature Tir^—. This was attributed 
to vortices and/or phase fluctuations of the supercon- 
ducting order parameter, along a line suggested initially 
from finite-frequency conductivity datai^. Indeed in these 
compounds with small superfiuid density rig, it has been 
proposed that Tc is determined by the phase stiffness of 
the superconducting order parameter and can be much 
lower than the mean field critical temperature T^^—. 
These experiments, together with the observed diamag- 
netism above T^jiP'W have entertained the idea that a 
precursor pairing model could be viable to explain the 
pseudogap. However others suggest that it could be due 
to a magnetic order, such as stripes, nematic order or or- 
bital currents, which could compete or at least interfere 
with superconductivity^^"— . 

In a previous report, based on the experimental ap- 
proach using high magnetic fields to suppress the super- 
conducting fiuctuatons (SCF), which will be described in 
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great detail here, we could determine precisely altogether 
the onset temperatures of the SCF and of the pseudo- 
gap T* within the same set of transport experiments^. 
We have shown there that T* occurs below the onset of 
SCF at optimal doping, demonstrating unambiguously 
that the pseudogap cannot be a precursor state for su- 
perconducting pairing and has then to be related to a 
distinct magnetic order. 

This pseudogap issue being settled, it remains that 
these Nernst experiments evidence that SC pairing ex- 
tends above Tc, which raises important questions about 
the nature and high T extension of the SCF. Indeed, 
as for thin superconducting films the SCF are expected 
to extend well above Tc in 2D systems as compared to 
the case of classical 3D BCS superconductors where they 
disappear in a vanishingly small T rangeil. This has 
initiated a large effort to study the extension of SCF in 
thin metallic films. In particular, it has been demon- 
strated that a large Nernst signal remains as well above 
TJ^, displaying strong similarities on the qualitative as- 
pects with what is observed in the cuprates^^. Therefore 
a detailed quantitative study of the SCF in these sys- 
tems with short coherence length ^ is highly desirable as 
it might help as well to clear some issues concerning the 
SC state in high-Tc cuprates. 

Since the early days of superconductivity, one of the 
simplest way to study SCF has been to determine their 
effect on the electrical conductivityii. The fluctuation 
excess conductivity has been usually well interpreted in 
the Ginzburg-Landau (GL) formalism in terms of gaus- 
sian amplitude fluctuations of the order parameter—. 
Among the different contributions which can be at play, 
the Aslamazov-Larkin (AL) term either in 2D or 3D ap- 
pear the most relevant in high-Tc cuprates^i"— . However 
in the majority of experiments reported to date, analyses 
of the excess conductivity - denoted as paraconductivity 
in the AL framework- have been limited to optimally 
doped compounds. Indeed in this case, it has been pos- 
tulated that the linear T dependence of the resistivity 
observed in the normal state can be extrapolated down 
to low T. The SCF contribution to the conductivity has 
been then estimated by the deviation from this linear 
behaviour. As we shall demonstrate in this work such 
an assumption unavoidably introduces large errors if the 
normal state resistivity deviates from T linear. Also it is 
unable to give a reliable estimate of the highest tempera- 
ture at which SCF can be detected as this temperature is 
a priori imposed by the analysis. Such a criticism is also 
valid for the magnetoconductance studies in which the 
normal state contribution is either totally neglected^^"— 
or accounted for by an approximative extrapolation from 
the high-T normal state behavio r^^'^" . 

Recently we have proposed an original method based 
on the behavior of the magnetoresistance in high mag- 
netic fields to determine the field H'^. and the temperature 

above which the normal state is completely restored'^"'^ . 
We have insisted on the fact that was indeed a reli- 
able determination of the onset of SCF. In the present 



paper we have been able to improve the data accuracy 
and to extend the measurements for different hole dop- 
ings. This allowed us to perform a quantitative analysis 
of the SCF contribution to the conductivity, and of its T 
and H dependence. 

After describing the experimental details in section 
II, we completely determine the normal state variations 
of the transport properties in section III. We obtain 
then accurate determinations of the SCF contribution 
to the conductivity versus T and H (section IV) both 
for slightly overdoped and underdoped compounds. The 
incidence on the SCF of extrinsic controlled disorder in- 
troduced by low T electron irradiation is studied as well. 

In section V we give evidence that is slightly larger 
than the onset of Nernst effect we have taken before on 
the same samples^ and that H'^ is comparable to the onset 
field of SCF deduced from Nernst signal or diamagnetic 
contributions to the magnetizatioitii. 

We then take advantage of this unique set of accu- 
rate data to perform a quantitative analysis of the SCF 
conductivity (section VI). By confronting these results 
to Nernst measurements, we do establish then (section 
VLB) that, up to l.lTc, the gaussian AL contribution 
which decreases as e = (ln(r/rc)~^ explains quantita- 
tively both data around optimal doping. This approach 
fails in the case of the most underdoped sample, so 
that contributions of phase fluctuations might be invoked 
there in a small range of temperatures above Tc (sec- 
tion VI. C). Above this range, which increases markedly 
in presence of disorder, gaussian amplitude fluctuations 
of the order parameter again dominate. In any case, for 
all the samples studied, we obtain an accurate determi- 
nation of the T dependence of the coherence length ^ (T) 
and of its T = limit. 

In Section VII, we show that the analysis of the excess 
magnetoconductivity in the Ginzburg-Landau regime al- 
lows us to estimate the upper-critical fields Hc2{0) which 
are found to increase with doping, similarly to the H'c(0) 
values. From this observation, we can conclude that the 
superconducting gap increases with doping contrary to 
the pseudogap which decreases. 

In section VIII, we study how the SCF vanish with 
increasing temperature and magnetic field. We find for 
all our samples that the SCF magnitude drops sharply 
at high T to vanish near T^'. We point out that the 
cut-off which must be invoked to explain that behaviour 
implies that the density of fiuctuating pairs vanishes at 
Tc- Moreover (section VIII. B) the field dependence of 
the SCF conductivity displays a similar and quite robust 
exponential dependence in , whatever the hole doping 
or the quantity of disorder. This behavior again suggests 
that Tc and H'c{T) are upper limits fixed by the vanishing 
of the pair formation energy. 

We then discuss in section IX the results obtained in 
the present paper in the context of the large set of data 
accumulated on the cuprates in the last decade. We draw 
there conclusions on various important aspects of the nor- 
mal state and SC properties, and on the incidence of 
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FIG. 1: (color on line) Temperature dependences of the resis- 
tivites of the four different pure YBCOe+i samples studied. 



disorder. We shall confirm the independence of the pseu- 
dogap from the pair formation and give some clues which 
might help to clarify the one gap-two gaps dichotomy in 
these materials. 



II. SAMPLES AND MEASUREMENTS 

YBa2Cu306+2: (YBCO) single crystals were grown 
using the flux method. Low resistance contacts were 
achieved by evaporating gold pads in a standard four 
probe geometry. Subsequent annealings in different at- 
mospheres were performed in order to get samples with 
various oxygen contents. We have studied four differ- 
ent samples labelled following the values of their critical 
temperatures Tc taken at the mid-point of the resistive 
transition: two underdoped samples UD57 and UD85, 
an optimally doped sample OPT93.6 and a slightly over- 
doped one OD92.5. The estimate of the hole doping p 
has been done using the parabolic relationship between 
Tc and jM: This yields oxygen contents of 6.54, 6.8, 6.91 
and 6.95 respectively. Although this is not a totally se- 
cure method^'^, it helps at least to proceed comparisons 
between data on similar samples. The resistivity curves 
of the four different samples are displayed in FigH] 

The magnetoresistance (MR) measurements were per- 
formed at the LNCMI- Toulouse in a pulsed field magnet 
up to 55-60T. The magnetic field was applied along the 
c axis in order to better suppress SC and its polarity 
was reversed to eliminate by summation any Hall effect 
contribution to the MR determination. 

Controlled disorder was introduced by electron irradi- 
ation at low T in optimally doped or underdoped sam- 
ples with Tc ~ 57K. This type of irradiation provides 
an efficient way to create point defects, copper and oxy- 
gen vacancies, in the Cu02 planes, uniformly distributed 
throughout the samples^. Their effect on the transport 
and superconducting properties have been extensively 
studied previously'^^"'^^. Whatever the hole doping, we 
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FIG. 2: (color on line) Resistivity increase normalized to its 
zero field value plotted versus (a) H and (b) for tempera- 
tures above Tc in the optimally doped sample OPT93.6. For 
T ^ f40K, a H'^ dependence of the magnetoresistance, rep- 
resented as dashed lines in (b), is observed for all values of 
field. For lower T, it is only seen above a given magnetic field 
H'c (arrows), which is taken as the threshold field necessary 
to completely restore the normal state. 



have shown that Matthiessen's rule is well verified at high 
temperature - as the high T parts of the p(T) curves shift 
parallel to each other. This confirms that the hole doping 
is not significantly modified. This type of irradiation re- 
sults in modifications of the superconducting properties 
very similar to those obtained with Zn substitution'^'^ . fn 
particular, the rate of Tc decrease which is around - lOK 
per defect %- in the Cu02 plane (Zn impurities or Cu va- 
cancies) in optimally doped YBCO7 becomes twice larger 
in underdoped YBCOg.e^'^ 



III. HIGH FIELD MAGNETORESISTANCE: 
NORMAL STATE AND SC CONTRIBUTIONS 

Fig[2] shows the tranverse magnetoresistance (MR) 
curves measured on the OPT93.6 sample for T ranging 
from above Tc to 150K. Similar curves are obtained for 
all the samples studied. At high T, the transverse MR 
increases as tP' as better seen in Fig[3] Such a mag- 
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FIG. 3: (color on line) Enlarged view of the variation of the 
magnetoresistance in optimally doped sample OPT93.6 which 
allows to better visualize the deviations from the normal 
state dependence for T 130K. 



netic field dependence has been previously observed in 
different cuprates for H ^ 14T— . More precisely in 
YBCO, Harris et ali^ have shown that the weak field 
magnetoresistance Spn/pno = - Pn(0))/p„(0) can 

be expressed as: 



5pn{H)/pn{0) = atr 



(1) 



where uJc = eH/m* is the cyclotron frequency and th is 
a transverse relaxation time inferred from the Hall angle 
as tan(0^f) = uJcTh- Let us notice here that EqU] refers 
to the orbital MR coefficient Uorb — atrans ~ azong which 
would require the knowledge of aiong, the longitudinal 
MR . As this latter has been shown to be negligible by 
Harris et ali^, we have assumed here that aorb — a,trans ■ 
As Hall constant measurements show that cot^Qn) has 
a quadratic temperature dependence, this explains the 
behaviour of atrans observed in ref.'^^. The data 
obtained there in weak magnetic fields are displayed as 
open symbols in FigHl for optimally doped and under- 
doped YBCO. At sufficiently high temperature, we also 
observe a variation under high magnetic field in our 
samples. This is illustrated by the fitting curves in 
FigEJb) or in FigElfor the OPT93.6 sample. This indi- 
cates that the weak field limit still applies in OPT93.6 
up to 55T. 

However large departures with respect to this 
quadratic behaviour appear when T is lowered towards 
Tc- The MR steadily evolves from a quadratic to a nearly 
linear field dependence. As stated in ref.^^, this evolution 
can be better viewed in the plots versus of figHIb) or 
FigEl There it can be seen that the variation is still 
visible for fields exceeding a T dependent threshold field 
H'^(T), which progressively increases with decreasing T. 
We attribute the initial faster increase of Sp/p with H 
to the destruction of the fluctuating contribution to the 
conductivity by the applied magnetic field. In such a 
case the normal state MR coefficient atrans can then be 
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FIG. 4: (color on line) The magnetoresistance coefficient 
atrans measured at 55 Tesla (closed symbols) is plotted versus 
T in logarithmic scales and compared to that obtained at low 
field and higher T (empty symbols), for both optimally doped 
OPT93.6 and underdoped UD57. Low field data in this latter 
case are taken from ref,^^. In both cases the continuity of the 
data underlines that the magnitude of H has been sufficient 
to restore the normal state. 



estimated from the slope of 5p/ p versus at our high- 
est available field (55Tesla). These values of atrans are 
reported in Fig H] together with the values determined at 
low field (< 8 Tesla) on the same sample for T ^ lAOK. 
We can see there that the data obtained in high field at 
low T are in continuity with those obtained at higher T, 
which underlines the validity of our analysis, and ensures 
us that we have effectively completely restored the nor- 
mal state in high fields for 100K< T ^ 140K for the op- 
timally doped sample. However one can notice in FigUla 
small upturn of atrans {T) for T < lOOK (crossed squares) 
which signals that it is no longer possible to totally sup- 
press the superconducting fluctuations even with 55T at 
97K, that is 4K above T^. 

Similar analyses have been done for the OD92.5 and 
UD85 samples. The Sp/p data obtained for the UD57 
sample are plotted in Fig [5] versus H or in a more 
limited T range. One can see in Fig|5]Ja) the same evolu- 
tion of the MR as observed for the OPT92.5 sample, from 
a quadratic to a nearly linear field dependence. How- 
ever, at ^ 3K above Tc, the magnitude of the MR is 
about a factor three larger in the UD57 sample than in 
the OPT93.6 one. This comes not only from the larger 
transverse MR in the normal state but also from an en- 
hanced contribution of the SCF as we shall see below. 

In such a case one might expect a small saturation of 
the normal state MR at large field which can be expressed 
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EqlH gives better fits to the normal state data dis- 
played as full lines in Fi^SJb) for magnetic fields larger 
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FIG. 5: (color on line) (a) Field variation of the resistivity 
for decreasing temperatures down to 60K in UD57. (b): The 
magnetoresistance is plotted versus H'^ for 80 < T s; 117K. 
The full lines are fitting curves using Eq[2] in the high field 
range. 



than H'^. From these fits one can deduce the values for 
atrans{T) = {uJcTh / H)"^ , whlch are reported in FigS^- 
They are found here again to be in very good agreement 
with those obtained in low fields and at higher T by Har- 
ris et al^. The low T values of atrans [T) , slightly larger 
than in our previous report'^ are indeed consistent with 
this small saturation of the MR in the UD57 sample. 
This analysis improves the accuracy of the determination 
of H'^(T) without modifying its magnitude compared to 
our former datai^. 

Let us finally point out that the behaviour of the nor- 
mal state magnetoresistance shown in Fig|3]is quite simi- 
lar in the optimal and underdoped case nearly down to Tc 
and exhibits no sign of the reconstruction of Fermi sur- 
face which is observed at lower T for the YBCOe.g^"^- 
This point will be discussed in more detail in section IX. 



IV. SCF CONTRIBUTION TO THE 
CONDUCTIVITY 

We have shown here above that it is possible to fully 
recover the normal state conductivity at temperatures 
slightly above Tc when the pulsed field exceeds H'JT). 
By extrapolating the normal state variations of the resis- 
tivity /0„(T, H) down to zero field, one can thus determine 
the normal state value of the resistivity /0„(T, H) at each 
temperature and magnetic field. Consequently, assuming 
only that a two fiuid model applies, it is straightforward 
to extract the zero field excess conductivity due to SCF 
from 

Aa5f(r,0) = a(T,0)-(7„(r,0) 

= p-\T,{))- p-\T,{)) (3) 

In the main studies of superconducting fiuctuations in 
high- Tc cuprates performed up to date, the determination 
of the fluctuation excess conductivity has been done in 
optimally doped samples by assuming that the linear T 
dependence of the normal state resistivity observed at 
high T can be extrapolated down to low temperature. 
As this assumption can introduce some controversies in 
the analysis of SCF - and we will show below that it 
is effectively not correct - the study of the fluctuation 
magnetoconductivity deflned as 

Aa{T,H) ^ p-\T,H) - p-\T,0) (4) 

has been often preferred since no assumption on the T 
dependence of the normal state transport properties is 
required in this case^. Nevertheless, as the correspond- 
ing studies have been performed in rather weak mag- 
netic flelds, it has been always admitted that the nor- 
mal state magnetoresistance can be neglected^^"— , i.e. 
a„(r,0)~a„(r, H). 

However for the high magnetic flelds used in this study, 
this assumption is not valid and the normal state mag- 
netoconductivity has to be taken into account to deduce 
the held variation of the SCF contributio n^^i'^° . Within 
a two fluid model, we simply write 

AasF{T,H) = a{T,H)-ar,{T,H) 

^ p-\T,H)-p-\T,H) (5) 

From the relations above the measured total variation of 
the conductivity is therefore 

AasF{T, H) = Aa{T, H)+AasFiT, 0)-Aa„(r, H) (6) 

where the normal state conductivity is 

Aa„ (T, H) - p-\T, H) - p-\T, 0) . (7) 

This decomposition, which allows us to obtain 
AasF {T, H) is iUustrated in FiglS] for magnetoresistance 
data taken at a flxed temperature T = 85K in UD57. 

It is worth to emphasize here that the method devel- 
oped in the present work allows us to determine unam- 
biguously the normal-state contribution in the presence 
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FIG. 6: (color on line) Decomposition of the magnetocon- 
ductivity —Aa{H) measured at 85K for the UD57 sample in 
a normal state contribution and a superconducting contribu- 
tion. The zero field value of AasF{H) gives the value of the 
paraconductivity at 85K. 



FIG. 7: (color on line) SC fluctuation contribution to the 
zero field conductivity AasF{T,0) for the four YBCO sam- 
ples studied here^. The enlargement of the high T range 
shown in the inset gives an estimate of the accuracy on the 
determination of T^, the onset of SC fluctuations. Lines are 
guides for the eyes. 



or absence of magnetic field. We have thus been able 
to analyse separately the variation of Aas f {T, 0) with T 
and that of Aas f {T, H) with H at each T for different 
hole dopings. 

A. Zero field excess conductivity versus T: onset 
temperature 

Let us first consider the T dependences of the zero 
field excess conductivities A5i?(T, 0) vifhich are reported 
in FigI7]for the four pure samples considered here. One 
can notice that this quantity dies out very fast with in- 
creasing T, which allows us to define an onset temper- 
ature T'^. Given the noise level of the experiments, we 
have chosen as in ref.^^ to define T'^ as the temperature 
where A(T5j?(0) is lower than 1 lQ^{D,.m)~^ , as indicated 
in the inset of figH Let us note that the decrease in 
Asf{T, 0) with temperature is much slower for the most 
underdoped sample than for the other ones, so that the 
extension in temperature of the SCF is larger in this sam- 
ple than for the other ones. 

The variation of T'^ with doping is reported in Fig IS] 
The interesting point is that is only sightly depen- 
dent on hole doping and is maximal for optimal doping. 
We have also reported in this figure the dependence of 
the pseudogap temperature T* whose determination has 
been done simultaneously using the same series of exper- 
imental datai^. The fact that the T'^ line crosses the 
pseudogap line near optimal doping shows unambigu- 
ously that the pseudogap phase cannot be a precursor 
state for the superconducting phase. 

The quasi-insensitivity of T'^ to doping observed here 
appears very different from what is observed by Nernst 
or magnetization measurements in single layer materi- 
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FIG. 8: (color on line) The values of (squares) and T* (cir- 
cles) are plotted versus the hole doping for the four samples 
studied. The full line indicates the superconducting dome. 
Contrary to that is rather insensitive to hole doping, T* is 
found to increase with decreasing doping and crosses the T'^ 
line near optimal dopingi^. 



als such as Lai_j;Sra;Cu04 (LSCO) or La-doped Bi2201 
for which the onset temperature of SCF is strongly de- 
pendent on hole doping with a sharp maximum in the 
underdoped regioi*ii. We will discuss this point in the 
discussion section IX in conjunction with the effect of 
controlled disorder. 
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FIG. 9: (color on line) SC fluctuation contribution to the 
conductivity AasF{T, H) in UD85 plotted versus H'^. The 
initial linear decays displayed as dashed lines visualize the 
quadratic field dependence observed for low magnetic fields. 
The arrows indicate the threshold fields H'^iT) taken at 
AasF{T,H) = 110^(!:!.m)-^ 



FIG. 10: (color on line) The field H'^ at which SC fiuctuations 
disappear and normal state is fully restored is reported versus 
T for the four pure samples studied. Dashed lines represent 
the fitting curves to Eq[H] using data with closed symbols. 
When H'^{T) > 40r (empty symbols), the data are somewhat 
underestimated as the maximum applied field is not sufficient. 



B. Field variation of the SF conductivity: onset 
field H'^ 

In the same way the variation of AaspiT, H) with 
magnetic field allows us to analyse how the excess con- 
ductivity is destroyed by the applied field. This is exem- 
plified in FigElfor UD85 at 90 < T < 120K. We can see 
that AasF{T, H) starts to decrease quadratically with 
H whatever T. This dependence is clearly visible at 
the highest T for fields up to SOT. The same behaviour 
is observed for all the samples studied in the small tem- 
perature range which can be explored by our method. 
One can also notice that the accuracy on AasriT, H) 
decreases with increasing field. This is due both to an 
increase of the noise induced by the stresses on the mag- 
net at the highest field values and a much reduced data 
acquisition time in the high field range. This fixes our 
noise level at about 1 lO'^(ri.m)^^ at high fields. 

We can thus determine the fields H'^{T) at which Act 
becomes smaller than this value. As T decreases, it be- 
comes difficult to ascertain that the normal state is fully 
reached when H'^{T) becomes comparable to the high- 
est available field. This makes difficult to deduce precise 
values of H'^{T) when they become larger than ~ 45T. 

One can see in Fig ITU] that H'^{T) drops rapidly with 
increasing T. For all the samples the variation of H'^{T) 
appears linear near T^. It is then tempting to use a 
parabolic T variation to fit the data as applied for the 
critical field of classical superconductors. 

K{T)^H'M[l-{T/T'^^] (8) 

The fitting curves displayed as dashed lines in Fig (TU] give 
correspondingly an indication of the field H'Jfi) required 



to completely suppress the SC fluctuation contribution 
down to OK. It is clear that H'^(0) increases with hole 
doping and reaches a value as high as ~ 150 Tesla at 
optimal doping. 



C. Influence of disorder. 

In cuprates it is now well established that non mag- 
netic impurity substitutions or in plane disorder are detri- 
mental to superconductivity and strongly depress Tc, the 
temperature of establishment of 3D superconductivity^. 
However it has been shown as well that the SCF, as seen 
by Nernst effect, remain at temperatures much higher 
than the 3D Tc in disordered samples^. So, we expect to 
detect paraconductivity contributions well above Tc in 
presence of disorder. Let us also notice that increasing 
disorder decreases markedly (jJcTh, which ensures that a 
dependence up to 55T is now perfectly verified for 
the normal state magnetoresistance of irradiated under- 
doped samples. The magnetoresistivity curves obtained 
in an UD57 sample in which Tc has been decreased down 
to 5K are reported in Fig[TT] versus H or . 

It is striking to see that even in this low- Tc sample, 
a magnetic field larger than 40T is still necessary to to- 
tally suppress the superconducting fluctuations at 21K, 
that is 16K above Tc. Moreover we observe that the 
term is nearly T independent, which might be quite rea- 
sonable in this highly disordered sample for which the 
relaxation time is expected to become rather T indepen- 
dent. This confirms that the normal state behavior is 
totally restored above the threshold field H'^. 
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FIG. 11; (color on line) Magnetoresistivity 5p/po plotted 
versus -ff (a) or //^ (b) for a UD57 irradiated sample with 
Tc = 5K. Dotted lines give the normal state behaviour re- 
stored in high fields. They parallel each other, which points 
out that the magnetoresistance and the scattering time r are 
nearly T independent for strong disorder. 
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FIG. 12: (color on line) Comparison of the SCF conductiv- 
ity AasF{T,0) in (a) and onset field H'^{T) in (b) for pure 
(full symbols) and disordered (empty symbols) samples of 
OPT93.6 (diamonds, triangles) and UD57 (squares), with the 
reduced Tc values as indicated in (a). In (b) dashed lines are 
the fitting curves using Eq[8l Data corresponding to an ir- 
radiated OPT sample with Tc = 30K (empty triangles) has 
been added^. 



The values of Aa{T, 0) are reported in FigfT^a) for 
OPT and UD57 samples either pure or irradiated by elec- 
tron irradiation at low temperature. We notice that the 
measured SC fluctuation conductivity Act remains of the 
same order of magnitude as that of the pure samples in 
both cases. Using the same procedure as described above, 
we can also determine H'^iT) for the different samples. 
The corresponding values as well as the fitting curves 
using EqlS]are displayed in figfT^b). 

In the case of the most irradiated UD sample with 
Tc = 5K, we have been able to nearly completely suppress 
SC with 55T. The fact that H'^{T) can be rather well fit- 
ted by EqlH somehow validates the use of this equation 
to fit our other data. In Fig IT^ where the variations of 
and are plotted versus Tc, one can see that both 

quantities decrease with increasing disorder. The reduc- 
tion in Tc nearly follows that in Tc for the underdoped 
sample while it is slightly larger for the OPT sample. 
Consequently, when Tc is decreased by disorder, the rela- 
tive range of SCF with respect to the value of Tc expands 



considerably. We also observe that H'^{0) decreases lin- 
early with decreasing Tc, but more rapidly for the OPT 
samples than for the UD57 ones. In both cases, even for 
samples with very low Tc, magnetic fields as large as SO- 
GOT are still necessary to reach H'^{0), as can be seen in 
Figdlb. 



V. COMPARISON WITH RESULTS OBTAINED 
BY DIFFERENT EXPERIMENTS 

We have shown that high field resistivity measurements 
above Tc allow us to determine the temperature range as 
well as the extension in magnetic field of the fiuctuation 
excess conductivity. It is thus very interesting to compare 
our results with those obtained by Nernst effect or mag- 
netic torque measurements that have been developed for 
more than ten years to probe the presence of SCF above 
Tc in high- Tc cuprates^i. 
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FIG. 14: (color on line) Comparaison of the onset tempera- 
ture for SCF extracted from Nernst measurements (T^) and 
from this work (T^) in the same OPT93.6 and UD57 samples. 
The closed symbols are for the off-diagonal Peltier conduc- 
tivity deduced from the analysis of the Nernst coefficienli^ 
while the empty ones are the values of AasF{T,0) obtained 
in this work. The values of (vertical arrows) had been es- 
timated at temperatures corresponding to the minimal values 
of a^y/B. 



FIG. 13: (color on line) Variations of (a) and (b) H'^{0) 
for OPT (diamonds) and UD (squares) pure and disordered 
samples versus Tc- Here the Tc value is used to monitor the 
disorder. The full line in (a) corresponds to a slope unity 
which parallels the Tc variation. Data from ref.— correspond- 
ing to irradiated OPT samples with Tc = 30 and 1.9K have 
been added. 



A. Onset temperature for SCF 

The temperature ranges of SCF found here are anal- 
ogous to those measured in pure high- Tc cuprates by 
these other techniques. For optimally doped YBCO, 
= 135(5)K found here is in remarkable agreement 
with the onset obtained from the diamagnetic response 
in high field^ii. The variation with doping is also very 
similar to that observed in Bi2212 by Nernst effect or 
diamagnetic measurements^^. Even though a very small 
increase of the onset temperature (from 125 to 130K ) 
is found upon underdoping in this latter case, contrary 
to our results which show a small decrease (from 135 to 
120K) in the same doping range, the important point is 
that is not found to vary much with doping, contrary 
to the pseudogap temperature T* . 

It is worth noting that the values of T'^ found here for 
the pure compounds are larger than the onsets of Nernst 
signal measured previously on the same samples^. How- 
ever one can see in Fig ll41 where the determinations of 
Ti, and T'^ are compared for the OPT93.6 and UD57 sam- 
ples, that the criterion used to deduce T'^ is much more 
precise than that for T^. Indeed a negative T dependent 
contribution of the normal state Nernst signal yields a 
minimum in Uxy/B, and hides the real onset of SCF. It 



thus appears that the Nernst effect is not the best probe 
to detect SCF in the case of YBCO. 

In a general way, the measured onset marks the point 
at which instruments lose sensitivity to detect supercon- 
ducting fluctuations. This can explain results of a recent 
report in which the fluctuation excess conductivity mea- 
sured by Josephson effect between an optimally doped 
YBCO and an underdoped one with Tc — 61K, drops 
very fast and is found to vanish at ^ 15K above T^. In 
our case, the excess conductivity of the UD57 sample is 
still 5% of its normal state contribution at 85K, that is 
23K above T^- Such an explanation might also account 
for the much smaller fluctuation range determined re- 
cently by microwave absorption measurements in YBCO 
or mercury compounds^^'-'*-. 

We observe that the gap between T^ and T'^ is progres- 
sively reduced when disorder is introduced in the sam- 
ples. This is due to the fact that the Nernst signal of 
normal quasi-particles scales inversely with the scattering 
rate and thus progressively vanishes with disorder, which 
permits a more accurate determination of T^. This re- 
sults in similar values of and T^ in the most irradiated 
samples. 

B. Magnetic field 

It is also interesting to compare the H'^ values found 
here to the maximum magnetic field H"^"'^ necessary 
to completely suppress the Nernst or the diamagnetic 
signals^'^". Although early reports have argued that 
j^max YYiievved from Nernst measurements steeply in- 
creases with underdoping in Bi2212^'^, more recent stud- 
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FIG. 15: (color on line) The maximum fields required to 
completely suppress superconductivity at T = 0, as inferred 
from Nernst, diamagnetism or transport measurements, are 
plotted versus the onset of superconducting fluctuations for 
LSCO samples (empty diamondaS, empty squares^), La- 
Bi2201 (empty circles^) and YBCO pure or irradiated crys- 
tals (this work). While the results for LSCO, La-Bi2201 and 
irradiated YBCO samples follow more or less the same lin- 
ear dependence (dashed line), the H'^{0) values for the pure 
UD85, OPT93.6 and OD92.7 are much larger with respect to 
their T' 



ies have shown that this field rather increases with doping 
in agreement with what we find here for H'^{0). In partic- 
ular very large values of have been estimated from 
torque magnetometry in optimally doped 612212^^^. At 
Tc, iJ"*"^ is equal to 90T and is thus quite comparable to 
the value H'^{Tc) ^ 87T deduced here for the OPT93.6 
sample from the fitting curve displayed in Fig llOl 

One can point out that both values of H'^ (0) and if™"^ 
are not determined directly by experiments. Here the 
H'^{T) line is only accessible above Tc and the value of 
H'^{0) is obtained using EqjSl For the Nernst (or magne- 
tization) measurements, the values can be only de- 
duced below Tc by taking the extrapolated field at which 
the Nernst (or diamagnetic) signal should vanish. The 
fact that similar values of i^™"^ and H'^(0) are observed 
in optimally doped Bi2212 and YBCO gives some sup- 
port to these two determinations. 

More generally a linear variation of these field values 
versus Tc or Tc is found when comparing results obtained 
in low Tc materials like LSCO or La-Bi2201 and our ir- 
radiated optimally doped or underdoped YBCO samples 
as illustrated in FigfTSl As already proposed^'^, this re- 
lationship between Tonset{oT Tc) and i/™"^(or He) leads 
us to speculate that the presence of defects, either intrin- 
sically present or intentionally introduced by irradiation 
will play here a significant role. It is worth noting that 
the parameters found for the pure UD57 sample obey the 
same quasi-linear relationship. However, the results ob- 



tained for our other pure samples differ markedly from 
this behaviour as larger values of H'^ with respect to their 
Tc are found, in agreement with reported value 
for OP Bi2212^°. This is of course directly evidenced in 
FiglHand FigfTOl which show that H'c increases with hole 
doping while T^' remains essentially the same. 

The observation of very large values of well 
above Tc has been taken as the sign that superconducting 
fluctuations in all high-Tc cuprates originate from vortex- 
like excitations in a phase disordered superconductor, 
rather than fluctuating Cooper pairsii. This appears to- 
day as an overstatement. Indeed recent experiments have 
evidenced that the Nernst signal in NbSi fllms can be ex- 
plained solely in terms of gaussian fluctuations even in 
magnetic flelds much larger than the orbital upper crit- 
ical field Hc2-^^'^^- Moreover, it has been suggested that 
the Nernst signal of these films could share some resem- 
blances with those seen in cuprates^. It is thus very 
interesting to compare more quantitatively the evolution 
of the excess fluctuation conductivity with temperature 
and magnetic fleld. 



VI. QUANTITATIVE ANALYSIS OF THE 
SUPERCONDUCTING FLUCTUATIONS 

As already pointed out, a lot of studies have been deal- 
ing with the T dependence of the paraconductivity in 
optimally doped high Tc cuprates. But in most experi- 
ments the magnitude of Aasp deduced from the data are 
critically dependent on the behaviour taken for the nor- 
mal state resistivity, which has been most often taken as 
linear in T. So, we first emphasize here that our method 
is particularly adapted to perform a precise quantitative 
analysis of the excess conductivity since our experimen- 
tal approach allows us to deduce (Jn{T) reliably. We 
have for instance shown in our previous worki^ that the 
normal state resistivity of the OPT93.6 sample deviates 
from the linear T dependence at T* ~ 120K due to the 
opening of the pseudogap. Consequently, the use of a lin- 
ear extrapolation for the normal state resistivity would 
lead to a large overestimate of AcrsF(O). To illustrate 
that, we have therefore mimicked in Fig ll6l the difference 
generated by such an analysis with respect to our reli- 
able determination using magnetoresistance data. It is 
clear that for such a sample the overestimate of Actsf 
can be quite important. The reliability of the determina- 
tions done so far using linear extrapolations of the normal 
state conductivity can then be put into question in many 
cases. 



A. Contribution of gaussian fluctuations to 
paraconductivity 

The excess fluctuating conductivity is usually anal- 
ysed in the framework of gaussian fluctuations using the 
Aslamazov-Larkin theory. As for the Maki-Thompson 
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FIG. 16: (color on line) (a) T variations of the zero-field re- 
sistivity (full line) and the normal state values (symbols) de- 
duced from high-field data for OPT93.6. The coloured area 
corresponds to the range where superconducting fluctuations 
are effectively present while the hatched area is the extra 
range found by neglecting the decay of normal state resistivity 
due to the pseudogap. (b) The variation AasF{T) deduced 
assuming a linear fit would appear more accurate though it 
overestimates the actual value by at least a factor 3. 



contribution, which is an indirect contribution arising 
from the decay of superconducting pairs into quasi- 
particles and vice-versa, it can be neglected in high-Tc 
cuprates due to strong pair-breaking effects^. In the 
Ginzburg-Landau theory, the gaussian fluctuations come 
from the temporal and spatial fluctuations of the super- 
conducting order parameter. The corresponding para- 
conductivity is directly related to the temperature de- 
pendence of ^(T), the superconducting correlation length 
of the short-lived Cooper pairs. Upon cooling down to 
Tc, ^ is expected to diverge with a power-law dependence 
given by: 



C(T) = c(0)M 



(9) 



where ^(0) is the zero-temperature coherence length and 
e = ln{T/Tc) ~ (T - Tc)/Tc for T > T^. Depending on 
the relative values of the temperature dependent perpen- 
dicular coherence length £,c{T) and of the layer spacing 
s, the paraconductivity can evolve from a 3D behavior 
in the immediate vicinity of Tc towards a 2D behavior 
at larger temperaturesSi. The paraconductivity can be 
expressed more generally by using the Lawrence-Doniach 
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FIG. 17: (color on line) Superconducting fluctuation conduc- 
tivity AasF for the four pure samples considered here plotted 
versus e — ln{T/Tc). Values of Tc have been taken here at the 
midpoint of the resistive transition, and error bars for e using 
the onset and offset values of Tc are indicated. The dashed 
line represents the expression of Ea. (|10p with s — 11. 7A. and 
^c(O) ~ 0.9A. Full hues are guides to the eye. 



(LD) theory of layered superconductors ai 
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(10) 



where the coupling parameter a = 2(^c(2^)/s)^ with 
^c{T) = Cc(0)/-\/e. Sufficiently far from Tc, one ex- 
pects (,c{T) ^ s and Eg ITUl reduces to the well-known 
2D Aslamazov-Larkin expression: 
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(11) 



The only parameters in this expression are the value of 
the interlayer distance s and the value taken for Tc which 
can have a huge incidence on the shape of the curve es- 
pecially for (T - Tc)/Tc < 0.01. 

We have plotted the variation of Acts f (T) for the four 
different hole contents as a function of e in FiglTTl For all 
the samples except UD57, it is striking to see that our ex- 
perimental data collapse on a single curve. Moreover we 
can see that the data can be fitted reasonably well by the 
Lawrence-Doniach expression (Eq llO|) in the small tem- 
perature range 0.03 < e < 0.1 if one takes $c(0) — 0.9A. 
We have assumed here, as usually done, that the Cu02 
bilayer constitutes the basic two-dimensional unit, and 
s is then taken as the unit-cell size in the c direction: 
s = 11. 7A. This is a strong indication that the excess 
fluctuation conductivity is mainly due to gaussian fluc- 
tuations in these difl^erent compounds. One can see that 
all the curves in Fig ) 171 bend downwards very rapidly for 
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e > 0.1. This behavior has been pointed out earlier in 
different fluctuation studies on YBCO^"— . It has been 
proposed that this could be due to the limitations of the 
Ginzburg-Landau theory in these compounds with very 
short coherence lengths. We will discuss this point in 
more details in paragraph VIII. A. 

It is clear that the situation is completely different for 
the UD57 sample for which AasF is found to be about 
a factor four larger than for the other dopings. This 
points to an additional origin of SCF in this underdoped 
sample. In fact we find that the data for this sample 
can be reconciled with the unique curve found for the 
other samples by using an effective value Tcq different 
from the actual Tc- This is illustrated in fig [17] in which 
the AasF data of UD57 are also reported versus e = 
InT/Tco using rco=72K which is much larger than the 
actual Tc = 57. IK. 

The same conclusion has been proposed in ref.^^ to 
account for the Nernst signal at high T in underdoped 
LSCO which was found too large to be explained only by 
Gaussian fluctuations. In the phase fiuctuations scenario 
proposed by Emery and KivelsonS, this would mean that 
the actual Tc is suppressed from the mean-field transition 
temperature T*^^ by phase fluctuations. However gaus- 
sian fluctuations are still expected above this tempera- 
ture. Thus it appears reasonable here to assimilate our 
effective Tco to T*^^. Let us notice that this conclusion 
is in contrast with that argued from paraconductivity 
measurements in underdoped LSCO samples, in which a 
description in terms of a 2D AL approach has been pro- 
posed to completely account for the experimental datap^ 

It is also interesting to consider the effect of disorder on 
the paraconductivity. As seen in Fig |181 the curve found 
for the disordered optimally doped sample with Tc — 70K 
nearly falls on that of the pure sample, indicating that 
here again it is possible to explain the SCF in the frame- 
work of the AL theory. However, this is not the case for 
the underdoped samples, since their curves are shifted to- 
wards larger values of e with increasing disorder. So the 
introduction of disorder appears to accentuate the dif- 
ference with the behavior expected from a GL approach. 
This will appear more clearly in the next paragraph. 

B. Nernst effect 

In view of the results found above for the paraconduc- 
tivity, we have found important to analyse as well our 
Nernst results taken on similar samples^ along the same 
lines. The evolution of the off-diagonal Peltier term ax-jj^ 
has already been recalled in Fig [T^] for the pure OPT and 
UD57 samples. In the 2D Ginzburg Landau approach, 
axy has been found to follow the simple expression^: 

that shows that axy is related to the spacing between the 
layers s and the Ginzburg-Landau coherence length in the 
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FIG. 18: (color on line) Same as Fig |17l for the pure and ir- 
radiated optimally doped and underdoped YBCOe.s crystals. 
Full symbols are for the pure samples while empty ones are 
for the irradiated ones. The shift to the right observed for 
the UD57 samples with increasing disorder is shown in sec- 
tion VI-C to result from the reduction in Tc with respect to 
the mean field temperature Tco- 

ab- plane £,{T). Consequently, according to EqfTTI there 
is a simple linear relationship between axy and AaspiT): 

^ = ^^m'^<^SF{T) (13) 

whose slope provides a direct determination of the zero 
temperature coherence length ^(0). Let us point out that, 
had we taken the LD term in Eq ll21 it would have been 
eliminated as the spacing s between layers in this expres- 
sion [131 

We have tested this relationship first for the optimally 
doped case and the data are plotted in FiglTOTa). At 
high T a negative normal state contribution to the Nernst 
signal-, apparent in Fig[T3] (similar to that seen by Daou 
et al.^") dominates that due to SCF. Nevertheless near 
Tc, this negative counterpart is overcome by the sharp 
increase of the positive SCF contribution so that the lin- 
ear relation of Ea ll3l is reliably verified, as can be seen in 
Fig jTW a). The linear slope found there near Tc results in 
a value ^(0) ~ 1.4nm after correction for the estimated 
small negative Nernst contribution. 

Using the relationship between -ffc2(0) and ^(0) 

Hc2{0) = $o/2<(0)2, (14) 

this would lead Hc2{0) — 160Tesla, a value which resem- 
bles that of H'^{0) determined above. Consequently, we 
can conclude that, in optimally doped YBCO, the para- 
conductivity and the Nernst signal above Tc are consis- 
tent with each other and can be interpreted in terms of 
gaussian fluctuations only, with ^(0) ~ 1.4nm. 

For the UD57 samples, pure and irradiated with Tc ~ 
30K, the corresponding data are plotted in FigjTWb). 
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FIG. 19: (color on line) The values of Uxy/B taken from 
ref.— are plotted versus the values of /S.asFiT) determined 
in this work for (a) the pure OPT sample and (b) two UD57 
samples pure and irradiated. The values of IS.(jsf{T) reported 
here have been obtained by interpolation between the data 
reported in Fie: ll7l Full lines are linear fits for the high T 
values while the dashed line is guide to the eye for the data 
near Tc. 



The same analysis can be done for the pure UD57 sam- 
ple in the high T range (above T^o, that is low values 
of ^osf) where a gaussian regime is expected to be re- 
stored. As can be seen in FiglTil the normal state contri- 
bution of the off-Peltier term is positive in this case, so 
the linear fit of the raw data will give a slightly overesti- 
mated value ^(0) = 2.0 ± 0.2nni. This would correspond 
to i?c2(0) ~ 80 ± 20T, similar here again to H'^ ~ SOT 
estimated for this compound. 

This conclusion is clearly no longer valid at lower tem- 
peratures, near as the SCF contribution of the off- 
diagonal Peltier term Uxy/B markedly increases with re- 
spect to this linear relation. This confirms our previ- 
ous conclusion that the Nernst data in the pure UD57 
sample are not consistent with gaussian fluctuations for 
Tc < T < Tc -\- 15K. We furthermore evidence that, in 
this range, the positive contributions to the Nernst signal 
are greatly enhanced with respect to the SCF paracon- 
ductivity. 

For the irradiated UD57 sample, the quite good linear 
relationship between axy/B and Acrgi? in fig ll9l -b would 
correspond to ^(0) ~ 4.3nm, hence to a value of -ffc2(0) 
as low as 17T while i?c(0) — 60T for this compound. 
This unrealistic value of i?c2(0) implies that EqfT51 does 
not apply in this case. 

This demonstrates that the enhancement of the pos- 
itive Nernst signal by disorder we evidenced in ref.— is 
much larger than that of the paraconductivity. This re- 
sult contradicts the analysis done in refjSi of the Nernst 
signals in Zn substituted YBCO thin films. 



C. Contribution of phase fluctuations 

As an explanation in terms of gaussian fluctuations is 
not sufficient to account for the excess conductivity in the 
UD57 samples, either pure or disordered, it is natural to 
address the possible role of phase fluctuations. Indeed in 
these systems with low carrier density and/or high level 
of disorder^, the low superfluid density is expected to 
lead to phase fluctuations below the mean-field transi- 
tion temperature T*^^. It has been proposed that the 
superconducting transition is caused by the proliferation 
of vortices which destroy long-range phase coherence sim- 
ilarly to that predicted for the Kosterlitz-Thouless tran- 
sition (KT)^. This would result in a phase-incoherent 
state with a finite pairing amplitude between Tc and 
T^^ . In the framework of the 2D KT transition, the 
excess conductivity is expressed as: 



<^n \m) 



(15) 



where the coherence length ^(T) is now related to the vor- 
tex density n„ through 27m„ = 1/^^. It turns out that 
a similar relation holds also in the AL regime as shown 
above (see Ea lTT|) . but here f(T) is expected to diverge 
exponentially at Tkt ■ An interpolation formula between 
these two regimes has been proposed initially by Halperin 
and Nelson^. More recently, Benfatto et ali^ have re- 
visited this problem by means of a renormalization group 
(RG) approach and have established a direct correspon- 
dence between the parameter values used to describe the 
BKT fluctuation regime and the reduced temperature Tc 
between T^t and T*^^ defined by: 



T — Tkt 

T = Tc 
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(16) 



They propose an interpolation formula for T > Tkt 
which is formally similar to that of Halperin and Nel- 
son: 



A 



sinh 



(17) 



but where the parameters A and b are now obtained from 
the numerical RG calculations of the correlation length 
near the transition, so that A is close to unity and b 
given by 6 ^ 2a' ^/r^ where a' measures the deviation of 
the vortex core energy with respect to the conventional 
value in the XY model. 

We have thus tried to fit the data obtained for the SCF 
conductivity in the pure and irradiated UD57 samples in 
Fig 1201 where Aasp/c^n are plotted versus T in a semi- 
log scale. Only the very small number of data between 
Tkt ~ Tc and the sharp downturn of Aag f are pertinent 
in such fits. In the pure UD57 sample, within the fore- 
going analysis, a natural upper limit for the fit would be 
Tco ~ 72K which could be assimilated to T^'^. We in- 
deed find that the three significant data permit to obtain 
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VII. FLUCTUATION 
MAGNETOCONDUCTIVITY 

It is also interesting to look more carefully on the way 
the SCF are suppressed by the magnetic field. Let us re- 
call here that the dependence of the magnetoconductiv- 
ity with H and T has been extensively studied in high- 
Tc cuprates^""— . This has been often preferred to the 
study of paraconductivity as its value is often considered 
as weakly dependent on the normal state magnetocon- 
ductivity. In fact this is not really correct even at low 
magnetic fields since both quantities display inital 
variations as shown in FiglHl It is thus necessary to sub- 
tract the normal state contribution as expressed in Eql6] 
and to consider the difference 



FIG. 20: (color on line) The SCF conductivity normalized 
to the value in the normal state is plotted versus T for the 
UD57 samples either pure (circles) or irradiated with Tc values 
decreased down to 26.8 K (squares) and IIK (triangles). The 
vertical bars indicate the estimated values of Tkt which are 
slightly lower than the values of Tc (taken at the mid-point of 
the superconducting transition). The arrows are for the mean- 
field temperature T*^^ estimated here from the deviation to 
the fitting curves using Ea ll7l (full lines). 



values for A and b for which the fitted function deviates 
from the data above Tcq. If we take the same criterion 
to estimate T*^^ in the other samples, we get the values 
for Tc reported in table HI As expected, we find that Tc 
increases with disorder, more than a factor 10 between 
the pure and the most irradiated sample. 

It is clear that the limited analysis done above is not 
sufficient to prove per-se that the increased magnitude of 
the SCF can be attributed to phase fiuctuations. Both 
phase fiuctuations and amplitude fiuctuations could be 
emphasized altogether, as claimed by some authors^. 
Hopefully with the larger pulse fields which become avail- 
able now, more data points between Tkt and could 
become accessible and would allow to better test the ap- 
plicability of EqlT7| and to get reliable determinations of 
the different parameters. The fast suppression of the SCF 
at high T, similar to that found for the optimally doped 
samples, will be discussed in section VIII. A. 



TABLE I: Parameters extracted from the fits of the low T 
data of Fig |20l for the different UD57 samples 



samples 


pure 


irrl 


irr2 


Tkt (K) 


56 


26.5 


4 


T*^^ (K) 


72 


39 


30 




0.22 


0.5 


2.6 


2a' 


~ 0.5 


~ 1 


~ 2 



AaH{T,H) = Aa{T,H)-Aan{T,H) 

= AasF{T,H)~AasF{T,0) (18) 

Within the GL theory, the evolution of the fluctuat- 
ing magnetoconductivity with H comes from the pair- 
breaking effect which leads to a Tc suppression. Differ- 
ent contributions must be taken into account to com- 
pletely explicit the effect of a magnetic field on the ex- 
cess conductivity^*'"^^'^-t21. Nevertheless it seems legiti- 
mate to neglect the Maki-Thompson contribution which 
already does not contribute to the paraconductivity in 
zero field. The Aslamazov-Larkin contribution is the sum 
of two different contributions resulting from interactions 
of the magnetic field with the carrier orbital (ALO) and 
spin (Zeeman) degrees of freedom. The former vanishes 
for applied fields in the ab plane, and the remaining Zee- 
man term is usually found much smaller than the ALO 
term for H/ jc and low enough magnetic fieldsSli^. 

In the layered superconductor model the ALO fiuctu- 
ation magnetoconductivity can then be written a o^"^'^^ : 



Aa^^O(r,ii) = -- 



e- 1 



2-it/s 



\2h) Ek 



2 2h 



— - Aa^D 
2n 



(19) 



Here = e[l + a(l — cosks)], where a is the coupling 
parameter defined in VI. A and k is the momentum paral- 
lel to the magnetic field H. ^ is the di-gamma function, 
and h = H/Hc2{0)- This expression assumes that the 
temperature dependence of Hc2{T) is simply given by: 



Hc2{T) - $o/27re(r)2 ^ eHc2iO) 



(20) 



This holds as long as the behavior in magnetic field is set 
by the size of ^(T). But when the magnetic field becomes 
large enough, the magnetic length Ib = (fi/2eiJ)^/^ en- 
ters into play and overcomes the variation of S,(T). The 
crossover between these two regimes occurs for a field H* 
such as 



(21) 
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FIG. 21: (color on line) Evolution of the fluctuation magne- 
toconductivity -AaH{T,H) = AasF{T,0) - AasFiT,H) as 
a function of H for the OPT93.6 sample at different tempera- 
tures, 94.4, 97, 100 and 103.4K. The dotted hues represent the 
computed results from EqlHwith Hc2{0) = 180(10)T. They 
deviate from the data beyond the H* field values shown by 
arrows and reported in Fig|22l 



deduce -ffc2(0) from magnetoconductivity data give con- 
trasting results for optimal doping (those of refi^ are in 
better agreement with ours than those of refi^). 




105 



T(K) 



FIG. 22: (color on line) Values of H* at which Eg [T9l deviates 
from the experimental results. Those are compared to the 
expected linear dependence of Eq |21l using the determined 
value of Hc2{0) = 180(10)T. 



This magnetic field H*{T) defined above has been 
called the " ghost critical field" by Kapitulnik et a&- as it 
mirrors the upper critical field defined below Tc. For H > 
H*{T), the variation with H is governed by the magnetic 
length Ib as recently evidenced by Nernst measurements 
in SC disordered filmSi^. 

In order to analyse the experimental data, we use the 
procedure described in refj^^. We first determine the only 
adjustable parameter Hc2{0) by matching the low- field 
part of the data for all values of e. We then introduce 
the higher field values of —AaniT,!!) computed from 
EqfT^ which allows us to define the ghost field H* above 
which a deviation from the experimental data occurs. 

This is illustrated for the OPT93.6 sample in FigUl] 
where the evolution of —Aan = AasF{T,0) — 
AasF{T, H) is plotted versus H at different tempera- 
tures ranging from 94.4 to 103. 4K, corresponding to e 
values from 0.0085 to ^ 0.1. In this temperature range, 
good fits of the low-field data can be achieved with 
Hc2{0) = 180(10)T. One can also see that the agreement 
deteriorates at larger fields H* with increasing temper- 
atures. This is in reasonable agreement with what is 
expected from Eql^Il as can be seen in Fig[221 So, the 
data follow unambiguously the GL analysis and enable us 
to determine Hc2{^) reliably. 

At higher T, beyond the GL range deduced from the 
zero field SCF conductivity data, the low field data can- 
not be matched with EqlTniwith the same value of i7c2(0). 
One may artificially find a better agreement by increasing 
iJc2(0) with increasing temperature, but this is meaning- 
less and only confirms that EqlT9] is no longer valid be- 
yond the GL region. So the choice of temperature range 
used to fit the data can severely affect the deduced value 
of _ffc2(0). This might explain why previous attempts to 



We could repeat the same procedure for all the dopings 
studied here, which leads to values of i?c2(0) indicated in 
tableini In the case of the UD57 sample, the analysis has 
been performed by assuming that the mean-field temper- 
ature is 72K, as indicated above. As seen in Figl^Sl it is 
still possible to fit the low-field data reasonably well us- 
ing Eq llQI in a T range which is found to slightly exceed 
the GL regime. 

We notice that the i?c2(0) value determined in this 
way are surprisingly close to those obtained for H'^{0) in 
a totally different way in section IV. B, which are reported 
as well in Table |lTl The very important result of this 

TABLE II: Values of Hc2{0) extracted from the fluctuation 
magnetoconductivity. They are very close to the values of 
H'c{0) determined in section IV-2. The values of ^(0) are 
calculated from Hc2{0) using Ea ll4l The respective values of 
the superconducting gap Asc are estimated from Ea l22l 



samples 


UD57 


UD85 


OPT93.6 


OD92.5 


HMO) (T) 


90(10) 


125(5) 


180(10) 


200(10) 


H'M (T) 


86(10) 


115(15) 


155(10) 


207(10) 


e(0)(nm) 


1.9 


1.60 


1.33 


1.26 


2Asc//3 (meV) 


46 


50 


66 


69.5 



analysis is to unambiguously show that Hc2(fi) increases 
and thus ^(0) decreases with increasing doping in YBCO. 

The coherence length is related to the superconducting 
gap Asc through: 

m-p{^) (22) 

with /3 = 1 for s-wave superconductors. By assum- 
ing that the Fermi velocity Wi;- is weakly dependent on 
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FIG. 23: (color on line) Evolution of the fluctuation magneto- 
conductivity -AaHiT,H) = AasF{T,0) - AasF{T,H) as a 
function of H for the UD57 sample at different temperatures, 
82.4, 84.2 and 91. 8K. The dotted lines represent the computed 
results using Eq[l9]with Tco = 72K and i?c2(0) = 90 ± lOT. 



doping as found in different cuprates^S and equal to^ 
VF — 2.2 lO^m.s"^, we obtain the values of 2lS.sc/P in- 
dicated in Table |lll Independently of the precise value 
of /3, our results demonstrate that the superconducting 
gap is closely related to Tc in the doping range ^ 0.09 to 
~ 0.17 considered here. 

Recent STM measurements have shown that iSgc — 
20meV for an overdoped Bi2212 sample with Tc = 63K^^, 
yielding a ratio 2A5(7/fcsT'c = 7.4. A similar ratio is also 
found for the "small" gap A = 6.7 ± 1.6meV identified in 
the STM spectra of an underdoped Bi2201 sample with 
Tc = 15K2i. We notice that for /3 = 1 in EqlH the 
data of Table |ll] would also correspond to a similar gap 
magnitude 2A5'c — SksTc whatever the doping. This 
is a strong indication that the gap determined here can 
thus be assimilated to the "small" gap detected recently 
by different techniques^. 



VIII. SUPPRESSION OF SC FLUCTUATIONS 
BY TEMPERATURE OR MAGNETIC FIELD 

We shall consider now more specifically the sharp de- 
crease of SCF found versus temperature in Fig ) 171 and 
the onset of SCF at T' and H'. 



A. Temperature 

Within the Ginzburg-Landau description, there is a 
priori no upper temperature limit for the existence of 
fluctuations, that are expected to survive far above in 
the normal state. However it has been pointed out very 
early that a rapid attenuation of the fluctuations may 
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FIG. 24: (color on line) Comparison of the temperature de- 
pendence of AasF for the OD92.5, OPT93.6 and UD85 sam- 
ples with Eg 1231 (full line) that takes into account short- 
wavelength cut-off in the fluctuation spectrum^^''^®. The 
dashed line is for the Lawrence-Doniach expression (EallOp. 



occur for T ^ Tc in short coherence-length systems, as 
the GL theory can be put into question when S,{T) be- 
comes comparable to the zero-temperature in-plane co- 
herence length ^(0)^"—. It has been first argued that a 
short-wavelength cut-off should be taken into account in 
the fluctuation spectrum. An extension of the AL the- 
ory in the two dimensional case taking this cut-off into 
accounl)^ gives a T dependence of the superconducting 
fluctuation conductivity as: 

Aasi.(T) = ^/{e) = ao/(e) (23) 

where the function /(e) matches the 1/e first order ex- 
pression up to e ~ 0.18 but deviates then to reach the 
asymptotic limit^ /(e) cx Xje'. Our data can be fitted 
using the function /(e) up to e ~ 0.15. But as shown 
in Figi24l it then drops much faster well below the ex- 
pected dependence, above temperatures correspond- 
ing to coherence lengths ^(T) < 3^(0). 

Other authors have proposed that a "total-energy" 
cut-of f^^i^^ should be more appropriate to describe the 
evolution of the paraconductivity in the high e region. 
They assigned its origin to the intrinsic constraint that 
SCF cannot survive when the coherence length ^(T) 
becomes comparable to the superconducting coherence 
length ^Q. They proposed then to mimic this effect using 
a phenomenological expression which can be transformed 
into 



1 - 



£^1 + 2a 



(24) 



where 



ln(r'^/rc). Our data in YBCO unambigu- 
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FIG. 25: (color on line) The ratio A(jsf{T) / AaLoiT) is plot- 
ted versus T — Tc in a semi- logarithmic scale for all the pure 
samples studied. A(j_t_D(r) is calculated from Ea llOl using the 
value of = 0.89 A determined in section VI-A. Tgl indicates 
the upper bound for the GL regime. In the case of the most 
underdoped UD57 sample, we have assumed that the phase 
fluctuation regime disappears at Tco = 72K (see section VI). 
The full lines are exponential fits of the data above Tql- 

ously allowed us to demonstrate that SCF are heavily, 
if not totally, suppressed at high T, which allowed us to 
define a temperature above which their detection be- 
comes nearly impossible. This T'^ value could in prin- 
ciple be obtained as well using the phenomenological 
EqIMl However this equation privileges the cut-off be- 
haviour and does not reproduce the low T regime where 
we have established the validity of the Ginzburg-Landau 
approach. 

In order to analyse more precisely the attenuation of 
the superconducting fluctuations with temperature, we 
have therefore plotted in Figl25]the values of AaspiT) 
normalized to those expected from the LD formula versus 
T — Tc in a semilogarithmic scale. For all the samples, we 
observe that the SCF conductivity vanishes exponentially 
for T > Tgl, as 

AasFiT) = Aa^^(T) exp (^-^^^^^ (25) 

Here, Tgl, the upper temperature for the Ginzburg- 
Landau regime exceeds Tc of about 5 to 7K. Let us re- 
call here that, for the most underdoped sample, we have 
replaced Tc by Tco = 72K, the mean field temperature 
determined above. The exponential decay rate Tq of the 
SCF increases from 10 to 15K with decreasing doping. 

In our previous report^, we had proposed that the 
total suppression of SCF in the cuprates could be asso- 
ciated with an intrinsic ultimate possibility to thermally 
induce pairs in these systems. The simultaneous analysis 
of the Nernst, paraconductivity and magnetoconductiv- 
ity data allow us to underline that ^(0) is intrinsically 



very small in these compounds and of the same order 
as the mean distance d between the hole carriers, that 
is about lOA for instance in optimally doped cuprates 
with a hole content of 0.16 per Cu. Therefore pairing 
with shorter coherence length scale would correspond to 
a thermal excitation of isolated Bose pairs. The total 
suppression of paraconductivity and Nernst signals above 
Tc therefore means that the density of such excited pairs 
drops to zero already at T^'. This fits with the idea that 
the energy of fluctuations which can be thermally excited 
is bounded with a sharp cut-off at an energy kgTc- 

In usual BCS materials, for which the density of car- 
riers per atom is of the order of unity, ^ is large enough 
with respect to the atomic distance a, so that SCF fluc- 
tuations could be thermally excited as long as £,{T) ^ a, 
which agrees with the observation that SCF survive up to 
at least T ~ 30Tc in amorphous superconducting filmai^. 

The existence of such a sharp cut-off at T^ is not re- 
stricted to pure samples but also applies for disordered 
ones. This similarity appears very clearly in Fig |20l for 
the underdoped irradiated samples where the excess con- 
ductivity above TcO nearly parallel that of the pure sam- 
ple and vanish exponentially with the same decay rate. 

It is quite intriguing to see this quasi "universality" 
of the SCF attenuation in a T range where one would 
rather expect a response highly sensitive to the pecu- 
liar features of the systems of interest. This exponential 
decay means that a T range of the order of 5Tq is univer- 
sally required to suppress the fluctuations above Tc, or 
Tco in the underdoped cases. Independently of the phys- 
ical meaning of this representation, this shows that the 
SCF vanish similarly with increasing T for all the hole 
contents. This confirms that the pseudogap state has 
no specific incidence on the range of SCF. This observa- 
tion contradicts the recent proposition^*^ which attributes 
the rapid suppression of superconducting fluctuations ev- 
idenced by Nernst effect and conductivity measurements 
in underdoped LaSrCu02i§S. to the presence of the pseu- 
dogap. All the detailed analysis of the data proposed here 
rather substantiates the conclusion done previously from 
the simple comparison of the T^ and T* lines^'' that these 
two lines are underlining two independent phenomena in 
the phase diagram of cuprates. 



B. Magnetic fields 

In the analysis of the fluctuation magnetoconductivity 
done above, we have been able to flt the data using EalT51 
as long as H < H* for which the Ginzburg-Landau co- 
herence length ^ (T) becomes comparable to the magnetic 
length Ib- 

Well beyond the Ginzburg-Landau regime, for e > 0.2, 
where the coherence length is strongly reduced by tem- 
perature, we expect that the fluctuation magnetoconduc- 
tivity cannot be described any longer by Eq |19l Some 
data taken in this regime are illustrated in the case of 
the UD85 sample in FigHDJa). 
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FIG. 26: (color on line) SC fluctuation contribution to the 
conductivity AasF{T, H) plotted versus for the UD85 
sample. In (a), the data plotted in a linear scale for the 
high-T regime can be fitted by the exponential relationship of 
Eg 1261 with Ho ~ 25T. In (b) the data are plotted in a semi- 
logarithmic scale for all the temperatures investigated. The 
dotted lines are curves using Ea llQI with Hc2{0) ~ 125(5)T 
which deviate from the experimental data for H > H* pointed 
by arrows. The straight lines are exponential fits of the high 
field data with Ho = 25 ± 3 Tesla whatever T. 

There it can be seen that the excess conductivity ap- 
pears to decay exponentially with the magnetic field as 

AcTsFiT,H) = AasFiT,0) exp[-(i//ifo)'] (26) 

This sharp exponential decay confirms that H'^{T) can 
indeed be reliably defined and is not so dependent on 
the criterion used (we defined it here and in ref.^^ for 
AasF = 1103(17.m)-i) 

In order to better visualize how the SCF are suppressed 
by magnetic fields in the whole T range, we have then 
plotted AasF versus in a semilogarithmic scale in 
Fig lSBT b) for the UD85 sample. For the lowest tempera- 
tures, we find that EqfT9l applies with Hc2 = 125(5)T as 
long as H < H* . It is intriguing to see on this plot that 
the decay of Ausf evolves then smoothly towards an ex- 
ponential behaviour with nearly the same value of Hq as 
found at higher temperatures. The same type of evolu- 
tion is observed for all the samples, pure or irradiated. 



FIG. 27: (color on line) SC fluctuation contribution to the 
conductivity /S.gsf{T, H) plotted versus H^ in a semilog scale 
for (a) the OPT93.6 sample, (b) the UD57 sample and (c) 
the UD57 irradiated sample with Tc = 25K. The full lines 
are exponential fits according to Ea l26l which do not take into 
account the low field data at low T. For all these samples, 
we find Ho = 25 ± 5Tesla at all temperatures. For the pure 
UD57 sample, we have also indicated the matching curves 
taken from EqUHwith Hc2{Q) = 90(10)T in order to better 
visualize the deviations at larger fields. Here again it is seen 
that Eg 1 191 does not fit the data for T > 93. 3K, even at low 
fields, if one keeps the same value of //c2(0) (see discussion in 
section VII). 



Hf) remains nearly constant whatever the temperature, 
doping or disorder level with iJo = 25 ± 5T as can be 
seen in Figl?7l 

To our knowledge, such an exponential suppression of 
the magnetoconductivity has never been reported exper- 
imentally nor predicted theoretically. 



IX. DISCUSSION AND CONCLUSIONS 

We have done here a set of measurements where the 
normal state magnetoresistance of YBa2Cu306+2: could 
be followed down in temperature from the high T totally 
non superconducting state. This allowed us to monitor 
the progressive advent of fiuctuation contributions to the 
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conductivity above Tc- We could not therefore study the 
close vicinity of Tj,, that is the 3D critical exponents. 
However this experiment quite uniquely allowed us to 
study the variation of SCF from the 3D to the 2D higher 
T regime. We could evidence that the Ginzburg Landau 
regime applies near Tc for optimally doped samples, while 
for underdoped ones phase fluctuations might play a role 
in a narrow T range above Tc- Above those T ranges the 
SCF are highly damped, which reveals the intrinsic mi- 
croscopic limitations of the pairing at high temperatures. 
We have also evidenced that disorder increases the phase 
fluctuation regime above T^. We shall summarize below 
the most important conclusions and questions which arise 
from this work. 

Normal state properties in the pseudogap phase 

In section III we definitely evidenced that a 60 tcsla field 
is not sufficient to suppress totally the 3D superconduc- 
tivity at Tc in the pure 123 phases, even for underdoped 
samples with Tc — 60K, so that the normal state trans- 
port properties are only accessible above. The SCF could 
only be suppressed fully with 60 tesla in the presence of 
strong disorder reducing Tc down to ^ 4K. 

In the pure UD57 sample we had demonstrated that 
the resistivity keeps a metallic behaviour at low T in large 
applied fields^. This hole content is slightly lower than 
that on which maximal quantum oscillations have been 
observed at low T and high applied fields*'^. From the 
negative Hall effect detected in these experiments^, a 
reconstruction of the Fermi surface with the appearance 
of an electron pocket has been proposed. Here we evi- 
denced that the simple relation between the magnetore- 
sistance and the Hall effect which had been established 
above ~ 130K in the past- - has a validity which extends 
nearly down to Tc, without any singular behaviour both 
for this YBCOg.e composition and for an optimally doped 
sample. This is in rather good agreement with the fact 
that, for underdoped Tc = 57K samples, the high field 
Hall constant becomes negative only below the zero field 
Tc, and that the Fermi surface reconstruction only arises 
deep into the SC state, in fields which are however insuf- 
ficient to totally suppress the SCF. 

Ginzburg-Landau regime: critical fields and 
gaps For samples around optimal doping, the quan- 
titative comparative analysis of the measured SCF con- 
tribution to the zero field conductivity and of the off- 
diagonal Peltier term Uxy has been found in total agree- 
ment with the GL approach for 2D Gaussian order pa- 
rameter fiuctuations (section VLB). The data perfectly 
fit the leading order 2D Aslamazov Larkin contribution 
up to T ~ l.lTc using the c lattice constant as the mean 
spacing between the Cu02 bilayers. It can be fitted as 
well up to ^ 1.2Tc if higher order corrections are taken 
into account. This analysis allows us to deduce values of 
^(0) and of ifc2(0) versus doping. 

The analysis of the fiuctuation magnetoconductivity in 
this GL regime allows us to determine -ffc2(0) indepen- 



dently in section VII. The good agreement between these 
different values establishes the perfect consistency of our 
data analyses. A very important result obtained here is 
that the deduced superconducting gap increases smoothly 
with increasing hole doping from the underdoped to the 
overdoped regime. 

Let us recall that energy resolved spectroscopies have 
evidenced spectral gaps in the SC state which increase 
with decreasing doping while here we find a gap which 
rather follows the same trend as Tc. For overdoped sam- 
ples the local density of states (LDOS) has coherence 
peaks^i2^ and exhibits the k dependence expected for d 
wave pairing, which distinguishes the nodal and antin- 
odal regions^. Above Tc a small dip in the LDOS remains 
and has been assigned to the pseudogap, but should be 
attributed to SCF, as we have shown that in this range 
the pseudogap disappears^^. 

But in the underdoped cases a large gap is found to 
persist then well above Tc, while at low energies the 
LDOS becomes nearly independent of local disorde r 
A large debate has been raging recently as various spec- 
troscopy data have suggested that a smaller gap exists, 
visualized in the nodal regions by Raman spectroscopy^^ 
or obtained by discriminating different spectral weights 
in the ARPES or STM spectra^^i^^. Our deduction here, 
that an important SC property deduced from thermody- 
namic considerations, that is the critical field ifc2(0), is 
governed by a gap which follows Tc, reinforces then the 
idea that the pseudogap is connected with the large gap 
detected by STM and ARPES on cuprate sample surfaces 
in the underdoped regions of their phase diagram. Con- 
versely it can be seen that the gap magnitudes deduced 
from our data scale quite nicely with the smaller gaps 
obtained by STM^iIi. 

Phase coherence and phase fluctuations For the 

Tc = 57K underdoped sample, well into the pseudogap 
phase, the SCF paraconductivity and Nernst coefficient 
are found in section VI. C both much larger than ex- 
pected for Gaussian fluctuations in a range of temper- 
atures of the order of 15K above Tc, which points for the 
occurrence of phase fluctuations . This range increases 
markedly if disorder is used to decrease Tc and can be- 
come as large as 40K when Tc has been depressed down to 
Tc = 5K. These results are therefore consistent with the 
proposal done by Emery and KivelsoiiS., that in the un- 
derdoped regime, controlled disorder reduces the phase 
coherence. The regime where phase fluctuations might 
play an important role occurs then between the 3D Tc up 
to a mean field temperature which we can assimilate to 
TcQ. In this limited T range we do not have sufficiently ac- 
curate measurements, nor theoretically established firm 
criteria to go beyond qualitative observations. 

We noticed however that the Nernst signal is more en- 
hanced than the excess fluctuation conductivity with re- 
spect to expectations for Gaussian fiuctuations. More 
work, both theoretical and experimental, is required to 
decide the possible importance of vortex contributions to 
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the Nernst effect in this phase fluctuation regime and/or 
other possibihties such as the enhancement of SCF by AF 
spin fluctuations^i. However this enhancement of Nernst 
effect with respect to excess conductivity decreases for 
T > TcQ. So while it has been recently proposed that 
Nernst measurements were among the best approaches 
to probe the extension of the SCF above T^, we demon- 
strated here that those are indeed not as powerful as 
expected initially for pure YBCO as they are limited by 
the need of an independent determination of the nor- 
mal state Nernst coefficient. The latter is not as small 
as could be anticipated from the Sondheimer cancella- 
tion rule which applies only for classical metal a^^'^^ . For 
the conductivity measurements, our approach using high 
fields and the former knowledge of the high T magne- 
toresistance permitted to circumvent the corresponding 
difficulties, so that the SCF could be followed until they 
are fully suppressed at high T. 

Suppression of SCF at high T and pairing en- 
ergies We have evidenced that in all samples, pure or 
disordered, and for all dopings, the SCF sharply decay 
with increasing T or H, in the ranges where SC gaus- 
sian fluctuations are dominant. In section IV. B, we could 
then deduce for all the samples a curve H'^{T) ending at 
H'^{T'^) — 0, which delineates the {H,T) plane region 
beyond which SCF are totally suppressed. 

In section VI. A, the SCF are found to be much more 
rapidly depressed than in thin films of classical s-wave 
metallic superconductors for which SCF are detected 
even for T :S> T^. This provides a strong support for our 
preliminary suggestion^^ that the H'^iT) curve delineates 
the regime where microscopic considerations specific to 
the cuprate physics prohibit SC pairing. We propose in 
section VIII. A that the spatial pair extension at high T 
is limited by the actual density of carriers available for 
pairing, so that a lower bound of^{T) could be linked with 
the distance between doped holes. 

The suppression of the fiuctuation conductivity is 
found in section VIII to display a phenomenologi- 
cal exponential decay in exp[— (Tc — Tcl)/To] and 
exp(— (7J/7?o)^), with values of Tq and Hq which are not 
markedly dependent on the doping and disorder. This 
suggests as well that there is a sharp energy cut-off at 
fcsT^c which is shifted by the magnetic energy increase 
which scales with Hq. The energy balance is such that 
SC pairs cannot be thermally excited any more above 
or H'^(T). Let us notice as well that the extrapolated 
values of H'^{Q) have been found to be nearly identical to 
those obtained for i?c2(0), which gives confirmation that 
both are connected with the pairing energy. All these con- 
sistent deductions give weight to the present analysis. 

Influence of disorder and generic PD of 
cuprates It has been found by STM that cuprates (or 
at least Bi2212 surfaces) displayed a short range disorder, 
visible for instance as a spatial distribution of spectral 
gaps^. These observations have been questioned as be- 



ing non generic, as NMR data indicate that YBCO is not 
as disordered^, hence the metallic behaviour observed 
for YBCOe.e^^ This has justified our use of YBCO to 
study the pure cuprate behaviour and the incidence of 
disorder'^^. We have as well shown that controlled dis- 
order affects drastically the transport properties. Indeed 
similar upturns of p{T) have been found for controlled 
disorder in YBCO and in some pure cuprate families, 
which indicated the occurence of intrinsic disorder in 
those families'*- . 

The influence of such disorder on SCF has been thor- 
oughly studied in section IV. C and we have shown that 
the local pair formation underlined by the T'^ line is only 
moderately affected, while the bulk Tc, that is the SC 
pair coherence can be severely reduced by disorder. Our 
results allow us to draw important conclusions on the 
cuprate phase diagram which we had specifically empha- 
sized in a preliminary report*^. We could determine that 
the pseudogap line crosses the line at optimal doping, 
which establishes unambiguously that the pseudogap is 
not the onset of pairing. The results presented here re- 
enforce completely this conclusion as the fluctuations are 
similarly limited in field and temperature independently 
of the pseudogap, though they are enhanced in magni- 
tude in the underdoped regime. 

We want to insist here that specific effects induced by 
disorder are certainly at the origin of many confusions 
in the study of HTSC. It is interesting to mention here 
very recent STM data taken on classical metallic films 
in presence of large disorder—. LDOS measurements re- 
veal strong spatial inhomogeneities of the superconduct- 
ing gap. The remarkable finding is that the gap mag- 
nitude is not much affected when increasing T through 
Tc while the coherence peaks in the one-particle LDOS 
disappear. While pairs should be thermally excited and 
fluctuating above Tc, those appear to be localized by dis- 
order as preformed pairs. The authors call "pseudogap" 
the reduction of LDOS detected above Tc^"^ . This gap, 
which is induced by superconducting fluctuations and 
favored by the vicinity of the superconductor insulator 
transition in the most disordered samples, has no rela- 
tion with the situation encountered in clean HTSC, for 
which the pseudogap is not due to SC pairing and has no 
connection whatsoever with disorder?^. This experiment 
is however quite striking as it demonstrates how disorder 
can produce phenomena which can be easily confused 
with the pseudogap which characterizes the properties of 
clean cuprates. 

This reinforces our insistence that the cuprate phase 
diagram has to take into account the presence of disorder, 
which we have suggested for long to explain the anoma- 
lously low optimum Tc value in some cuprate families. 
This 3D phase diagram that we anticipated from previ- 
ous results probing the metal insulator transition^ and 
from the recent comparison of Tc and T* is displayed in 
FiglJHl There, in the pure high Tc systems the occurence 
of SCF and the difficulty to separate the SC gap from the 
pseudogap in zero field experiments justifies that the Tc 
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FIG. 28: (color on line) Phase diagram constructed on the 
data points obtained here, showing the evolution of the 
onset of SCF, with doping and disorder. The fact that the 
pseudogap and the SCF surfaces intersect each other near 
optimum doping in the clean limit is apparent. These surfaces 
have been limited to experimental ranges where they have 
been determined experimentally. In the overdoped regime, 
data taken on Tl 2201 indicates that disorder suppresses SC 
without any anomalous extension of the SCF—. 



lishes that such data give important determinations of 
some thermodynamic properties of the SC state of high- 
Tc cuprates. Those are not accessible otherwise, as flux 
flovif dominates near Tc in the vortex liquid phase and the 
highest fields available so far are not sufficient to reach 
the normal state at T = 0. This is an illustration that 
the studies of SCF permit a " fluctuoscopy"— of the SC 
state. It has allowed us to demonstrate that the pairing 
energy and SC gap both increase with doping, confirming 
then that the pseudogap is to be assigned to an indepen- 
dent magnetic order or crossover due to the magnetic 
correlations. 

Further experimental work in even higher fields should 
help to better characterize the regime where disorder gov- 
erns the SCF and to decide about the possible relevance 
of phase fiuctuations. The quasi universal behaviours 
found for the suppression of SCF both in temperature 
and magnetic fields beyond the Ginzburg-Landau regime 
suggests that pairing is prohibited above an energy scale 
which is directly linked with microscopic parameters re- 
sponsible for SC in the cuprates. 

Theoretical works within the various scenarios pro- 
posed to explain HTSC are highly desirable to connect 
our data with the microscopic parameters which govern 
the pairing energy. Such an approach might be helpful 
to discriminate between theories. 



line could often be mistaken as a continuation of the T* 
line. It can be also seen there that the respective evolu- 
tions with disorder of the SC dome and of the amplitude 
of the SCF range explains as well the phase diagram often 
shown in a low Tc cuprate family such as Bi2201*^. There 
both T* and T'^ might appear well above the shrunk SC 
dome probably because the actual concentration of car- 
riers is not determined independently but just mapped 
from the shape of the SC dome^^. Finally for interme- 
diate disorder, the enhanced fluctuation regime with re- 
spect to Tc illustrated in the initial Nernst measurements 
performed in the La2_xSr2;Cu04 family can be repro- 
duced as well^. 

Conclusion In the present work we have performed 
a thorough quantitative study of the SCF which estab- 
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